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The Space Robotics Laboratory at Tohoku University is developing and operating 
50-kg micro satellites and several-kg cubesats. The first satellite was launched on 2009, and 
now total 3 micro satellites and 2 cubesats were released to space under the collaboration 
with other organizations. S-CUBE satellite, 3U-size cubesat shown in Fig. 1, was developed 
by Planetary Exploration Research Center (PERC) at Chiba Institute of Technology, and 
Tohoku University collaborated in satellite bus system. The S-CUBE was released to space 
on 2015, and now the successive satellite is being developed by the same team. 
In the bus system development of satellites, radiation tests for electrical components 
and non-metal mechanical materials are important works. 
Each component can be exposed in severe radiation environment of space, and the 
satellite needs to work more than 3 years (micro satellite) or 10 years (large satellite). 
Two types of radiation tests are generally tried, the one is total dose test using 
Cobalt 60 for the evaluation of long-term degradation of components. The radiation dose of 
test is much higher than real, and several-year radiation tolerance can be evaluated in only 
one-day test. Second one is single event upset/latch up test using protons or heavy ion, in 
which electrical circuits can have wrong behaviors because memorized data bit of 
RAM/ROM or output voltage of micro controller ports can be inverted. Hang-up of CPU 
program or serious damage in external connecting circuits are assumed. 
In this paper, radiation tolerance of electrical circuits in new space-borne dust sensor 
designed for S-CUBE successive satellite was evaluated by proton irradiation test. The 
occurrence number of single events caused by high energy radiation in space were 
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evaluated. Electrical components are not space grade products but general industrial grades 
for low-cost development. Newly selected components which were not used in previous 
other satellites were tested. 
A prototype of dust sensor is shown in Fig. 2. The detail film material and the 
method of multi-layer integration are now being considered. The detection of dust collision 
and damaged location by 8-piece piezoelectric sensors was tried in this prototype. The 
electrical signals from sensors are amped at first and only the frequency band with stronger 
signals are extracted by band pass filter. The signals are processed by A-D converter (ADC), 
and memorized in RAM or ROM by CPU/FPGA electrical board. This ADC chip and 
CPU/FPGA boards are evaluated in this test. 
 
Methods 
Electrical components of ADC and CPU/FPGA used in new dust sensor system are 
exposed in radiation beam of protons. Wrong behaviors of CPU/FPGA and occurrence rate 
of single events are evaluated. The beam energy is 80 MeV, which is general strength in 
single event tests for space-use components. 
Single events are including a bit inverse of memorized data in RAM and inverted 
high/low signals at an output port of CPU/FPGA. The occurrence frequency of single 
events is once in 109 particles/cm2 empirically. To obtain the statistically useful result, more 
than 100 times events are intentionally occurred by proton irradiation of 1011 particles/cm2. 
From the report of ALOS satellite with 692-km height and sun-synchronous orbit, this 
beam strength was estimated as 435-year exposure in space (See Ref. 1). 
Four types of test piece are prepared: a, b) two CPU evaluation boards (CPU 1 and 
CPU 2 are same products), c) AD converter board (ADC), d) FPGA evaluation board for 
Wide Earth Sensor (WES). Each piece was exposed exclusively to different strengths of 
radiation beam. Radiation time of each trial or each run is 1 hour in normal. After the 
calibration of radiation beam strength by facility operators, the conversion rate of proton 
numbers by using Faraday cup measurements at downstream. Diameter of beam is only 20 
mm and the location of test board is adjusted for the IC chip to be centered in the beam 
circle. 
Actual time schedule is shown in Table 1, and the appearance photos of test pieces 
are shown in Fig. 4. 
 
Results of irradiated protons 
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Firstly, the values of SEM (second emittance monitor) and the conversion rate to 
proton numbers were obtained. By attaching a Faraday cup (FC) at the downstream of tube, 
the conversion rate [d), pC/counts] was determined by three measurements: FC at the 
upstream [a) U-FC, nA], FC at the downstream [b) D-FC, pC/100 sec], and SEM counts [c) 
SEM, counts/100s]. Then, by the irradiation area A and Coulomb per proton, the proton 
numbers per unit area and unit count [e) protons/cm2.count] was determined. The results are 
shown in Table 2. 
Beam strength and irradiation time of each trial are listed in Table.3. Run #11 to 24 
are categorized to each test piece a-d). At the largest radiation run of each piece, the 
equivalent exposure years was estimated from the conversion rate of 1011 p/cm2 = 435 years. 
This conversion rate is defined by the result of ALOS satellite, and this can be different in 
other orbits. 
From the total number of protons, the equivalent total dose could be estimated. Total 
dose can damage or break an electrical component permanently. Our team is setting the 
target tolerance values of 10 krad for 3-year life satellites and 20 krad for 5-year life 
satellites. Mass stopping power of Silicon against 80 MeV proton is 6.885 MeV.cm2/g. 
Total dose (rad) was calculated from this formula: total number of protons (protons/cm2) x 
6.885e+6 x 1.6e-19 (C/proton) x 1000 x 100. The results of each test piece are shown in 
Table 4. Total dose is including all the runs of each test piece, and it was total 220 krad in c) 
ADC, which was permanently broken in final. 
 
Review of single events and radiation tolerance 
In this review, brand and product names of each test piece is not specified. The a) 
CPU 1 and b) CPU 2 are same products and only the square CPU chip is exposed to 
radiation beam. The following 3 points were evaluated by 3 runs in each test piece. 
1) Partial areas of 3 types RAM and 2 types ROM were surveyed and error rate was 
measured (final irradiation: 1.0e+11 [protons/cm2]) 
2) Restoration of ECC RAM was counted (final irradiation: 8.2e+10 [protons/cm2]) 
3) Difference of behaviors using external oscillator or on-chip oscillator (final 
irradiation: 8.4e+10 [protons/cm2]) 
About 1), bit inversion errors in Main RAM and Standby RAM were often 
happening but ECC RAM had no errors. Both of ROMs had also no errors. About 2), 
restoration number was similar to the error number of Main RAM. The restoration rate was 
0.33 times/sec in survey area of 262,144 bits. About 3), there was no difference behavior in 
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both of oscillators. 
About 1), the detail results of error rate are shown as follows: 
1-1) Main RAM, 5.1 bit/s, survey area = 4,194,304 bits 
1-2) ECC RAM, 0.0 bit/s, survey area = 262,144 bits 
1-3) Standby RAM, 0.08 bit/s, survey area = 16,384 bits 
1-4) Code Flash ROM, 0.0 bit/s, survey area = 33,554,432 bits 
1-5) Data Flash ROM, 0.0 bit/s, survey area = 524,288 bits 
From these results, 2 ROMs integrated in CPU chip had strong tolerance for 
radiation. In some emergency situations, the program can be safely recovered to normal 
condition by resetting power supply. Also, ECC RAM had the similar strong tolerance by 
automatically restoration of bit errors. Mission data can be stored in here with higher 
reliability. Other RAM areas can have some bit errors and should be used for temporary 
measurement data or communication buffers. Main CPU program must be carried out in 
ROM or ECC RAM areas to avoid a trouble. 
Error rate of Main RAM was 5.1 bits/s, and this equals to 1 bit error per 0.196 sec. 
For low-earth orbit satellite, total irradiation time of 10793 sec (Runs #11, #17, #18) can be 
equivalent to 1157-year operation, that is one bit error per 7.7 days in orbit. To accept this 
error rate, Main RAM area can be used to some extent. 
About test piece of c) ADC, there was no trouble in Run #21, which equals to 
2480-year radiation. But in the final Run #24, the chip was permanently broken. The 
consumption current of chip was abnormal value. As already described, the total dose could 
be 220 krad for ADC. This value can be required for Jupiter exploration spacecraft, but for 
low earth orbit satellites, 20 krad tolerance will be enough ability. 
About test piece of d) WES, the commercial evaluation board was used which is 
including FPGA chip with CPU cores. In this test, CPU part was used in general manner, 
and the program was continuing RAM write and RAM check (read and compare with 
written bytes). The mismatch bytes were counted for total 512 MB RAM areas. Firstly, the 
program experienced high frequent hang up against originally planned minimum radiation. 
At Run #13, this was originally weakest radiation, but the program could not work more 
than a few seconds. Then, the new weaker x0.1 radiation was tried in Runs #14 and #16. In 
total 14 runs, the program could work for 81 seconds in average and total 4 errors of RAM 
write were monitored. At Run #15 with further half of strength, the program could run more 
than 5 minutes without any troubles. Total duration of Run #14 was 811 sec and 4.7e+9 
p/cm2. The hang up time of 81 sec equals to 4.7e+8 p/cm2 or 2.04 year in space. The power 
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of WES sensor will be often turned on/off, then this kind of accident will be avoided in real 
operations. The RAM part of this chip was weaker tolerance compared to test pieces A) and 
B), and this shouldn't be used in important central part of satellite system. 
 
Conclusions 
The radiation test of single event latchup/upset was first experience to our satellite 
development team. Some reliable electrical parts already used in other satellites were 
candidates for our previous satellites, but new electrical parts can be tried for future 
satellites by the repeat of radiation tests. We could accumulate some skills about the test 
procedures and evaluation methods. As like in conventional established theories, normal 
RAM area had bit inversion errors frequently and ECC RAM had strong tolerance for 
long-term operations. Also, ROM was completely not affected by radiation. WES board 
using latest FPGA/CPU chip had much weaker tolerance in the test, but this can be used for 
sensor handling part although this will be not suitable for central computer. A combination 
chip of FPGA and CPU can be used conveniently for stable parallel processing of FPGA 
with fast numerical calculation of CPU. Through this test method, the radiation tolerance of 
each test piece was successfully evaluated quantitatively. 
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Table 1.  Actual result of test schedule 
Day 1 1 pm - : Lecture about the CYRIC facility 
2:30 pm - : discussion of test configuration at test room 
4:30 pm - 7pm: preparation of test pieces and measurement tools at restricted area 
Day 2 8 am - : preparation (continue) 
10 am - : start of proton radiators calibration by facility operators 
1 pm - : measurement of proton particles conversion rate (Run #1 - #10) 
2 pm - : start of proton radiation to test pieces (Run #11 - #24) <until 2:30 am of next 
day, total 12 h 30 m> 
Day 3 2:30 am – 4 am : clean up of test pieces and measurement tools at restricted area 
 
















1 0 37 90
2 0.1 304 1821 0.167 330K
3 0.5 869 6041 0.144 290K
4 1 1596 11366 0.140 280K
5 4 6215 45391 0.137 270K
6 40 53427 433236 0.123 250K
A = 3.14 x 1cm^2
B = 1.6e-19 C / proton
 
Table 3.  Radiation results of each test board and each trial, incl. the estimation of protons/cm2 and 























































Table 4.  Total dose estimation in each test board, and relationship with permanent damage 
a) CPU1 b) CPU2 c) ADC d) WES
Run #11 #17, #18 #12, #19-22, 
#24
#13-16
Total Doze 11 krad 18 krad 220 krad 3 krad
Permanent 
damage
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Figure 3.  Test board for proton radiation and setup of signal measurements, including 4 





Setup of a) and b) 
 
Setup of c) 
 
Setup of d) 
 
Setup of power control (automatic shutdown when 
over current, and remote ON/OFF control) 
Figure 4.  Appearance of test boards, incl. a) CPU 1, b) CPU 2, c) ADC, and d) WES 
 
 
